Passive multiuser communications in shallow water previously was demonstrated in the 3-4 kHz band using a time reversal approach. This paper extends those experimental results in three respects. First, a larger bandwidth at higher frequency ͑11-19 kHz͒ is employed allowing for the use of various symbol rates ͑or bandwidths͒. Second, two different shaping pulses are examined: a raised cosine filter and LFM ͑linear frequency modulation͒ chirp. Third, the adaptive time reversal approach with spatial nulling is applied to suppress the crosstalk among users. It is shown that the use of a larger bandwidth is beneficial along with the time reversal receiver which can handle significant intersymbol interference with minimal computational complexity. In addition, adding each user degrades the performance by about 4 dB for the benefit of linear increase in data rate. It is demonstrated that an aggregate data rate of 60 kbits/s can be achieved with a 7.5 kHz bandwidth ͑a spectral efficiency of 8 bits/s Hz͒ by three users distributed over 4.2-m depth at a 2.2 km range in shallow water using 16-QAM ͑quadrature amplitude modulation͒.
I. INTRODUCTION
One objective of underwater acoustic communications is to achieve reliable, high data rates in the presence of severe multipath and Doppler spreading.
1 This goal is particularly challenging for phase-coherent underwater systems that are power, bandwidth, and complexity limited. Recently, a promising time reversal approach has emerged as an alternative to adaptive multichannel equalizers due to its low computational complexity and robustness. 2, 3 A key feature of time reversal is its ability to turn complex multipath propagation inherent in the oceanic waveguide into a benefit. Specifically, time reversal exploits spatial diversity in order to mitigate the intersymbol interference ͑ISI͒ resulting from multipath delay spread and offers near-optimal performance by removing any residual ISI using an adaptive channel equalizer as a post-processor. 4 An additional benefit of time reversal is the spatial focusing capability which facilitates multiuser communications at no cost of extra bandwidth. This potentially is significant because the spectral efficiency can be increased linearly with the number of users, similar to MIMO ͑multiple-input/ multiple-output͒ systems widely explored in wireless communications. 5 Indeed, multiuser time reversal communications, active 6 or passive, 7 have been demonstrated in shallow water at 3.5 kHz with a 1-kHz bandwidth for up to six users. Song et al. 7 reported that a spectral efficiency of about 6 bits/s Hz can be achieved for three users over 20-km range in 120-m deep water using 16-QAM ͑quadrature amplitude modulation͒.
Crosstalk among users, however, cannot be completely eliminated using the conventional time reversal approach. This is especially true when the array elements ͑due to interelement spacing and/or total array aperture͒ cannot provide adequate spatial sampling, coupled with limited channel complexity due to attenuation ͑e.g., mode stripping͒. An adaptive spatial nulling approach has been proposed 8 that mitigates the crosstalk by exploiting knowledge of the channel from each user, and subsequently has been applied to the same three-user data over a 20-km range as described above. 9 Indeed, the performance has been improved in terms of output SNR by as much as 6.5 dB per user over the conventional time reversal approach. This paper presents results from a multiuser experiment carried out in 2006, extending the previous 3.5 kHz results in three respects. First, a larger bandwidth at higher frequency ͑11-19 kHz͒ commonly used in underwater acoustic communications is employed facilitating the use of various symbol rates ͑or bandwidths͒.
2 A trade-off is that attenuation at higher frequency limits acoustic communications to shorter ranges ͑e.g., 2.2 km in this case͒. Second, in addition to the linear frequency modulation ͑LFM͒ chirp exclusively used in previous time reversal experiments, a raised cosine filter typically used in digital communications also is employed as a shaping pulse for comparison purposes. Third, the adaptive time reversal approach with spatial nulling is applied to suppress the crosstalk among users, while the conventional time reversal approach failed to do so adequately due to sparse spatial sampling. The contributions of this paper can be summarized as follows:
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• Experimental demonstration of single and multi-user ͑up to 3͒ communications at 2.2 km range in shallow water at high-frequency ͑11-19 kHz͒, achieving a spectral efficiency of 8 bits/s Hz with an aggregate data rate of 60 kbits/s. This was facilitated by the time reversal approach that can handle substantial ISI ͑e.g., 180 symbols in these data͒ with low computational complexity.
• Investigation of the tradeoff between data rate ͑bandwidth͒ and performance in terms of output SNR ͑Fig. 2͒ with as much data as possible ͑environments, constellations, bandwidths, and shaping pulses͒. It is found that the lower ͑in-put͒ SNR can be partially offset by an increase in bandwidth ͑Fig. 3͒.
• Adding each user degrades the average performance by about 4 dB ͑up to 3 users in our experiment͒ for the benefit of linear increase in data rate ͑Fig. 5͒. The benefit of an increased bandwidth is more profound in the multiuser case.
• Crosstalk nulling with adaptive time reversal is proven critical in multi-user communications especially when the spatial sampling provided by the receiver array is not adequate ͑Figs. 6 and 7͒.
• The two shaping pulses ͑LFM and raised cosine filter͒ are found to provide similar performance in our time reversal approach ͑Fig. 2͒.
The paper is organized as follows. Section II describes the Focused Acoustic Fields 2006 ͑FAF-06͒ communications experiment conducted in a down-slope shallow water environment during the summer of 2006. Section III presents the performance analysis of phase-coherent acoustic communications over a 2.2 km range using an assortment of modulation schemes for multiple users. Lastly, Section IV provides a brief summary and conclusion.
II. HIGH-FREQUENCY FAF-06 EXPERIMENT
The FAF-06 experiment was carried out in shallow water June 21 to July 11, 2006 , off the west coast of Italy.
2 A vertical receive array ͑VRA͒ was deployed in 92-m water and consisted of 16 elements spanning a 56.25 m aperture with 3.75-m element spacing. 10 In addition, a 12-element transmit array ͑TOPAS͒ with a 6.5 m aperture was deployed to the seafloor in 46-m deep water as shown in Fig. 1͑a͒ . The 0.6-m element spacing corresponds to six times the wavelength at 15 kHz. The top element at 39-m depth ͑Ch#12͒ was chosen as the transmitter for the single user case with a source level of 185 dB re 1 Pa at 1 m. For passive multiuser communications, multiple transmitters ͑users͒ are selected from the TOPAS array while transmitting at equal power without knowledge of the channel. Although in general multiple users are not expected to be positioned at the same range, the received signals are overlapped both in time and frequency due to the experimental setup. The distance between the two arrays was fixed at 2.2 km. Note that this configuration is equivalent to single user MIMO communications with multiple independent ͑or parallel͒ data streams without spatial coding. The duration of the data packets was 3 s and each packet consisted of a channel probe followed by a communications sequence. An example of the channel response is shown in Fig. 1͑b͒ indicating about T d =30 ms delay spread. The sampling frequency of the VRA was f s = 50 kHz. The FAF-06 experiment is distinguished from our previous time reversal experiments due to a higher frequency band utilized ͑11-19 kHz͒ as compared to 3-4 kHz. The large bandwidth allowed us to investigate the communication performance at various bandwidths ͑or data rates͒ as will be shown in Figs In our previous time reversal experiments, LFM chirps with a Hanning window have been used exclusively as probe signals. Thus, it was natural to adopt the identical LFM chirp as a shaping pulse for acoustic communications based on time reversal so that the probe signal can be used immedi- ately as a matched filter. A potential drawback is a large peak-to-average power ratio ͑PAPR͒ as in the multi-carrier OFDM ͑orthogonal frequency division multiplexing͒ approach.
11
During the FAF-06 experiment, we also adopted a raised cosine filter commonly used as a shaping pulse in digital communications whose bandwidth is easily controlled by a roll-off factor or excess bandwidth 12 ͑e.g., ␤ = 0.5͒. Specifically, the order of the filter is chosen as ‫ء2+1͑‬ L ‫ء‬ f s / R͒ with a fixed group delay of L = 4 and varies with the symbol rate R. In FAF-06, we used a root-raised cosine ͑RRC͒ filter both for pulse shaping filter at the transmitter and for the matched filtering operation at the receiver. 12 Note that even when a RRC shaping pulse is employed, the probe signal in the preamble still is a LFM pulse utilized for channel estimation and synchronization. Table I summarizes the multiuser communications experiment at 2.2 km range successfully carried out during the FAF-06 ͑the letters A and B refer to specific cases discussed in the text͒. An assortment of modulation schemes were employed from binary phase-shift keying ͑BPSK, 1 bit/symbol͒ up to 32-quadrature amplitude modulation ͑32-QAM, 5 bits/ symbol͒, while the number of users increases from 1 to 3. Gray coding 12 was used in the mapping of the symbols from uncoded information bits. The performance metric is the output SNR that is the reciprocal of the mean square error ͑MSE͒ at the output of the equalizer. We begin with the single user case followed by the multiple user case.
III. PERFORMANCE ANALYSIS

A. Single user
The performance for the single user case ͑JD 176-182͒ is put together in Fig. 2 in terms of output SNR ͑dB͒ versus various symbol rates from R = 0.5 to 6.25 ksymbols/s with an assortment of constellations. As mentioned in Sec. II, two different shaping pulses are examined: RRC and LFM chirp. Fig. 1͑b͒ .
The receiver employed involves multi-channel time reversal combining followed by a single channel decisionfeedback equalizer ͑DFE͒. 13 The low-complexity least mean square ͑LMS͒ algorithm is used for channel estimation while the recursive least-squares ͑RLS͒ algorithm is used for the fractionally-spaced DFE ͑two samples per symbol, K =2͒. This hybrid approach allows for keeping the computational complexity minimal. 13 Several important observations can be made. First, the extent of the performance variation for any given symbol rate R is confined to about 2 dB over various constellations. Taking into account that the data were collected at various times over a seven-day period ͑JD 176-182͒, the result appears quite consistent. Second, there is a trade-off between performance and symbol rate. Due to the constraint of equal transmit power ͑P T ͒, the transmit symbol energy E s = P T / R decreases linearly with an increase in symbol rate R. The performance, however, deteriorates at a much slower rate. For instance, there is only 3-4 dB degradation in performance as compared to 7 dB reduction in the symbol energy due to increase in symbol rate from 1 to 5 ksymbols/s.
For clarification, Fig. 3 is redrawn from Fig. 2 such that the transmitted symbol energy ͑E s ͒ remains the same, rather than the transmit power ͑P T ͒. This is done by adjusting the output SNRs appropriately based on the highest rate ͑R = 6.25 ksymbols/ s͒, assuming that the output SNR is proportional to the input symbol energy E s for a given bandwidth. 4, 14, 15 Note that the linear relationship is derived theoretically in Ref. 14 under ideal conditions and subsequently confirmed experimentally in Ref. 15 . Clearly, Fig. 3 indicates the performance improvement with an increase in symbol rate R for a given symbol energy. Further taking into account the relatively flat noise spectral density N 0 ͑about 42 dB re 1 Pa 2 / Hz͒ over the frequency band of interest ͑11-19 kHz͒ observed during the experiment ͑not shown͒, the constraint of input symbol energy can be extended to the input SNR defined by E s / N 0 .
14 This suggests that high data rates can be achieved by exploiting the large bandwidth available with the help of the time reversal approach which can handle significant ISI with minimal computational complexity. 13 Finally, the difference between LFM and RRC shaping pulses is minimal although the RRC appears slightly superior with an increase in data rate, likely due to a larger PAPR when using LFM pulse shaping. For multiuser communications in the next subsection, we only present the results of RRC pulses.
B. Multiple users
The additional challenge for multiuser communications is the crosstalk from other users. The spatial focusing capability of conventional time reversal governs the extent that the users will interfere with one another. The focal size and sidelobe levels depend on the wavelength, the number of elements, the element spacing, and the effective aperture of the array which is larger than the physical aperture due to the waveguide nature of propagation in shallow water. 16 The crosstalk between two users ͑m and n͒ can be quantified as a generalized q-function,
where h i m ͑t͒ is the channel response from a user m to the VRA consisting of M = 16 elements and ‫ء‬ denotes convolution. The channel response includes the shaping pulse, transmit filter, channel impulse response, and receive filter. An example of the crosstalk is illustrated in Fig. 4 where the maximum of ͉q mn ͑t͉͒ is plotted and each row or column indicates the spatial focusing property. The channel responses were measured almost instantaneously from the 12-element source array ͑users͒ transmitting the LFM probe signal in a round-robin fashion. For simultaneous transmissions, Xiang and Li 17 recently proposed a pseudo-inverse algorithm using maximal length sequences ͑MLS͒ such as Kasami and Gold sequences to extract the channel responses from each source. While the main diagonal elements represent the energy intensity from each user, the off-diagonal elements show significant crosstalk levels ͑within 10 dB͒ as compared to Fig. 8 of Ref. 7 . This is attributed to the fact that the VRA cannot provide adequate spatial sampling mainly due to its large element spacing of 3.75-m being almost 40 times the wavelength at 15 kHz. 18 Not surprisingly, our initial attempt to separate the signals from different users failed in most cases with the conventional time reversal approach relying just on the natural spatial focusing property. Thus making use of the adaptive spatial nulling approach 9 that effectively suppresses the crosstalk among users was indispensable for successful multiuser communications in this environment.
The performance of multiuser communications with an assortment of constellations ͑JD 182-186͒ is shown in Fig. 5 Fig. 2 where the output SNRs are adjusted such that the transmit symbol energy ͑E s = P T / R͒ remains the same based on the highest rate ͑R = 6.25 ksymbols/ s͒, rather than the transmit power P T . For a given symbol energy ͑E s ͒, this plot demonstrates that the performance improves with an increase in symbol rate R.
FIG. 4.
͑Color online͒ Crosstalk between transmitters ͑users͒ is shown as the off-diagonal elements with diagonal elements indicating the energy intensity from each user. The channel responses h i ͑t͒ were measured by the 16-element VRA from the 12-element source array ͑users͒ transmitting the LFM probe signal in a round-robin fashion. The off-diagonal elements display the maximum of ͉q mn ͑t͉͒ from Eq. ͑1͒ ͑dB͒. employing the adaptive spatial nulling approach for three different symbol rates: R = 0.5, 2.5, and 5 ksymbols/s. The single user case at the same rates is superimposed and the output SNR is an average value for the multiple user cases. For two-user communications, three different transducer pairs are selected from the TOPAS source array producing similar performance: ͑4,12͒, ͑3,9͒, and ͑4,11͒. For the threeuser cases, either ͑1,5,8͒ or ͑5,8,12͒ are chosen where the minimum separation in depth is just 1.8 m between elements 5 and 8. Note that the transmitters ͑users͒ are all constrained to the same transmit power. Similar to Fig. 2, Fig. 5 indicates that the performance is quite consistent over various constellations, symbol rates, and number of users, although the data were collected at various times over a five-day period ͑JD 182-186͒. Second, unlike the single user case, the performance is almost flat regardless the symbol rates for the multiple user cases ͑2 or 3͒. This suggests that in multiuser communications a higher rate can be achieved without sacrificing performance by exploiting the available bandwidth. Finally, a tradeoff between the number of users ͑thus higher aggregate symbol rate͒ and performance ͑output SNR͒ is evident since the average performance decreases about 4 dB with the addition of each user for the two symbol rates ͑2.5 and 5 ksymbols/s͒ as the number of users increases from 1 to 3.
Two representative examples from Table I are displayed in Figs. 6 and 7. For two-user communications, Fig. 6 shows the scatter plots using 32-QAM modulation ͑Table I, Case A͒. The overall BER is 0.23% and the aggregate data rate is 50 kbits/s with a symbol rate of 5 ksymbols/s. For three-user communications, the scatter plots are shown in Fig. 7 using 16-QAM modulation with BER of 1.2% ͑Table I, Case B͒. It is remarkable that an aggregate data rate of 60 kbits/s ͑=3 ϫ 5 ksymbols/ s ϫ 4 bits/ symbol͒ is obtained using a 7.5 kHz bandwidth centered at 15 kHz, achieving a spectral efficiency of 8 bits/s Hz.
IV. SUMMARY AND CONCLUSION
Multiuser communications at high frequency ͑11-19 kHz͒ has been presented between two moored arrays ͑TO- Scatter plots for a three-user case using 16-QAM ͑Table I, Case B͒: ͑a͒ user 1, ͑b͒ user 2, and ͑c͒ user 3. The symbol rate is 5 ksymbols/s with a 7.5 kHz bandwidth. The output SNRs are 15.3, 15, and 14.6 dB, respectively. The aggregate data rate is 60 kbits/s with bit error rate ͑BER͒ of 1.2%, resulting in a spectral efficiency of 8 bits/s Hz.
PAS and VRA͒ over a 2.2 km range in a down-slope shallow water environment. Assuming that multiple users are distributed in depth at the same range, multiple elements were chosen from the TOPAS source array to transmit independent messages simultaneously to the VRA. The large bandwidth at this high frequency allowed us to investigate the trade-off between performance and data rate for up to three users and symbol rates ranging from 0.5 to 5 ksymbols/s. In addition, the adaptive spatial nulling approach has proven instrumental in effectively suppressing the crosstalk among users despite sparse spatial sampling of the VRA. We demonstrated that a spectral efficiency of 8 bits/s Hz can be achieved for a three user case using 16-QAM modulation with an aggregate date of 60 kbits/s.
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